Purpose: Inflammation and angiogenesis are important contributors to vascular disease. We evaluated imaging both of these biological processes, using Arg-Gly-Asp (RGD)-conjugated human ferritin nanoparticles (HFn), in experimental carotid and abdominal aortic aneurysm (AAA) disease. Procedures: Macrophage-rich carotid lesions were induced by ligation in hyperlipidemic and diabetic FVB mice (n=16). AAAs were induced by angiotensin II infusion in apoE −/− mice (n=10).
Introduction
A therosclerosis is now widely accepted as a chronic systemic vascular inflammatory disorder [1] . The monocyte-derived macrophage is one of the key cellular mediators of this inflammatory process. Macrophages angiogenesis has been implicated in rapid plaque growth and plaque rupture [6] . For AAA, we and others have shown that vascular angiogenesis is present in animal models of AAA [7, 8] , and human data demonstrate increased mural neovascularization within aneurysm tissue and at areas of its rupture foci [9, 10] . Therefore, both vascular macrophage infiltration and neoangiogenesis have emerged as key biological processes for targeted imaging and potential therapy for vascular disease.
The α v β 3 integrin, a cell-surface glycoprotein receptor, is a promising target for detecting both inflammation and angiogenesis. Its expression has been shown to be upregulated on angiogenic vascular endothelial cells [11] . In addition, macrophages infiltrating atherosclerotic plaques express high levels of α v β 3 integrin [12] . Arg-Gly-Asp (RGD) is an extensively studied short amino acid sequence binder of the α v β 3 integrin and RGD-based probes have been used for imaging in models of atherosclerosis [13] [14] [15] but not aneurysms.
We and others have shown that nanoscale protein cage architectures, such as virus capsids [16] [17] [18] , ferritins [19] [20] [21] , and heat shock proteins [22, 23] , are useful platforms for loading and/or synthesis of imaging agents within the interior cavity of their protein cages. In particular, we have shown that engineered human ferritin nanoparticles can be used to image plaque macrophages in murine carotid arteries [24] . As protein cages are genetically encoded materials, a targeting peptide such as RGD can be added to these nanoparticles using wellestablished genetic engineering techniques. We have previously shown the targeting abilities of RGD-conjugated human ferritin nanoparticles toward macrophages in vitro using fluorescence-activated cell sorting, demonstrating higher interaction than non-targeted human ferritin [25] . In this study, we tested the hypothesis that RGD could enhance human ferritin imaging of experimental vascular inflammation and angiogenesis in murine carotid and AAA disease.
Materials and Methods

Preparation of RGD-Conjugated Human Ferritin Nanoparticles
We used the recombinant human heavy-chain ferritin (HFn) protein cage, which was expressed and purified from Escherichia coli as described previously [19, 20] . The HFn protein cage nanoparticle is composed of 24 identical subunits. We genetically introduced the RGD-4C peptide (CDCRGDCFC) to the subunits as an N-terminal fusion, so that 24 copies of the RGD-4C peptide were displayed on the exterior surface of the HFn protein cage [20, 26] . In transmission electron microscopy and dynamic light scattering analyses, both RGD-4C peptide conjugated HFn (RGD-HFn) and HFn are indistinguishable in size and morphology (12-14 nm in diameter) [20] .
In Vitro Study of Aortic Endothelial Cells
Bovine aortic endothelial cells were cultured in Bovine Endothelial Cell Growth Medium (Cell Applications Inc, San Diego, CA) at 37°C and 5% CO 2 . Cells were plated in a 96-well microplate (5×10 4 cells/ well), and cultured for 24 h. Cells were stimulated with lipopolysaccharide (LPS, 1 μg/mL) for 4 h [27] , and then incubated with RGDHFn (RGD + group, six wells) or HFn (RGD − group, six wells) labeled using fluorescein isothiocyanate (FITC, 54 nmol/mL) as in our prior in vitro experiment [25] . After incubation for 1 h, the fluorescence from the cells (arbitrary units, a.u.) was measured with a fluorescence microplate reader (GENios, Tecan Austria GmbH, Grödig, Austria) calibrated for excitation at 490 nm and emission at 535 nm. Cell-only wells (n=6) were compared as a negative control group.
Animals
All animal procedures were approved by the Administrative Panel on Laboratory Animal Care at Stanford University. All animals were anesthetized with inhaled 2% isoflurane for surgical and imaging procedures and recovered with free access to food and water.
Carotid Macrophage-rich carotid lesions were induced in FVB mice as described previously [24, 28] . In brief, after 8-week-old male mice were fed a high-fat diet for 4 weeks and rendered diabetic by administration of five daily intraperitoneal injections of streptozotocin, the left common carotid artery was ligated below the bifurcation [29] to develop macrophage-rich neointimal proliferation.
AAA Murine AAAs were induced in apolipoprotein E-deficient (apoE −/− ) mice, as described previously [7] . Male apoE −/− mice on a C57BL/6 background, 11 to 14 weeks of age, were subject to continuous angiotensin II infusion via subcutaneous implanted osmotic mini-pumps [30] . Transabdominal 40 MHz B-mode ultrasound (US) imaging (Vevo 770 Imaging System and RMV 704 microvisualization scan head, Visualsonics Inc, Toronto, ON, Canada) was performed to monitor aortic diameter in vivo (in the longitudinal scan plane) for up to 21 days, as previously described [7] , with 925% diameter increase from baseline (0.9-1.0 mm) defined as AAA.
Fluorescence Imaging
We chemically modified the targeted (RGD-HFn) and non-targeted (HFn) nanoparticles to be near-infrared fluorescence (NIRF) imaging agents by conjugating Cy5.5 mono NHS ester (GE Healthcare UK Limited, Buckinghamshire, UK) as described previously [24] . The injected fluorophore molecular weight was adjusted to 8 nmol of Cy5.5 per animal, resulting in 1.0-1.6-mg protein cage per animal.
Carotid Two weeks after carotid ligation, mice underwent baseline imaging by in vivo fluorescence molecular tomography (FMT) using the FMT TM 2500 system (Visen Inc, Bedford, MA) at 680/ 700-nm excitation/emission wavelength. Then, they were injected with RGD-HFn-Cy5.5 (RGD + group, n=8) or HFn-Cy5.5 (RGD − group, n=8) via tail vein and imaged up to 48 h by in vivo FMT. At 48 h, left and right carotid arteries were surgically exposed under inhalational anesthesia (2% isoflurane) and in situ fluorescence imaging was performed using the Maestro TM NIRF imaging system (CRi Inc, Woburn, MA) at 675/690-nm excitation/emission wavelength. Animals were then sacrificed and the carotid arteries were carefully removed en bloc followed by ex vivo fluorescence imaging (Maestro) and immunohistochemistry (see below). Major organs (n=6 in each group for lung, spleen, liver, gall bladder, and kidney; n=4 in each group for colon) were also removed for ex vivo fluorescence imaging to assess the bio-distribution of RGD-HFn and HFn.
AAA At 14-21 days after mini-pump implantation, AAA mice were injected with RGD-HFn-Cy5.5 (RGD + group, n=5) or HFnCy5.5 (RGD − group, n=5) via tail vein. At 48 h, all mice underwent in situ fluorescence imaging using Maestro after surgical abdominal exposure under inhalational anesthesia (2% isoflurane). Then, the aortae were carefully explanted en bloc followed by ex vivo fluorescence imaging (Maestro) and immunohistochemistry (see below).
Image Analysis
Carotid For in vivo FMT imaging, fluorescence signal intensity around the carotid region was qualitatively evaluated on two-and threedimensional images. For in situ and ex vivo imaging, quantitative analysis was performed by placing regions of interest (ROIs) on the ligated left carotid artery and contralateral non-ligated right carotid artery, calculating mean signal intensity within each ROI divided by exposure time (photon counts per second). Similarly, ROIs were placed on ex vivo organs to calculate mean signal intensity divided by exposure time.
AAA For in situ and ex vivo imaging of AAA mice, ROIs were placed on the aneurysmal segment and a non-aneurysmal remote aortic segment, calculating mean signal intensity within each ROI divided by exposure time.
To assess the enhancement of diseased carotid and AAA relative to non-diseased regions, the mean signal for the left carotid and AAA were normalized to the mean signal of the non-ligated right carotid or non-aneurysmal remote aorta, respectively.
Histology
Carotid Carotid arteries were cut into two 3-mm sections. These sections were embedded immediately in optimum cutting temperature compound (Sakura Finetek USA, Inc., Torrance, CA) and flash frozen in liquid nitrogen. Frozen sections (5 μm thick) were fixed in acetone for 10 min at 4°C. After sections were washed in PBS, they were incubated overnight at 4°C with anti-mouse Mac-3 antibody to stain for macrophages (BD Biosciences, San Jose, CA) or anti-mouse CD-31 antibody to stain for endothelial cells (BD Biosciences) or anti-mouse smooth muscle actin (SMA) antibody to stain for smooth muscle cells (SMCs) (Abeam Inc., Cambridge, MA). Sections were then incubated for 30 min at room temperature with biotinylated secondary antibodies. Antigen-antibody conjugates were detected with avidinbiotin-horseradish peroxidase complex (Vector Laboratories, Burlingame, CA) according to the manufacturer's instructions. 3-amino-9-ethylcarbazole was used as chromogen. Sections were counterstained with hematoxylin. For immunofluorescence double staining to examine colocalization of RGD-HFn-Cy5.5 or HFn-Cy5.5 and macrophages or SMCs, sections were incubated with anti-mouse Mac-3 antibody or anti-mouse SMA antibody overnight at 4°C and stained with Alexa Fluor 488-conjugated anti-rat IgG (Molecular Probes, Eugene, OR) for 2 h at room temperature. Sections were stained with DAPI (Sigma-Aldrich) to visualize cell nuclei, and then observed under confocal microscopy (Zeiss LSM 510, Carl Zeiss AG, Oberkochen, Germany). ImageJ 1.43 software (NIH Image) was used to quantify the colocalization (from five sections of each group), with the area of double staining expressed as a percentage of the total area of macrophage or SMC staining.
AAA The frozen sections of aneurysmal aortic segments were also prepared as above. Sections were incubated overnight at 4°C with anti-mouse CD-11b antibody to stain for macrophages (BD Biosciences) or anti-mouse CD-31 antibody to stain for endothelial cells (BD Biosciences) or anti-mouse SMA antibody to stain for SMCs (Abeam Inc.), followed by incubation with biotinylated secondary antibodies, color development, and counterstaining as in the carotid model. For immunofluorescence double staining to examine colocalization of RGD-HFn-Cy5.5 or HFn-Cy5.5 and macrophages or endothelial cells or SMCs, after incubation with anti-mouse CD-11b antibody or anti-mouse CD-31 antibody or anti-mouse SMA antibody overnight at 4°C, sections were stained and observed under microscopy as in the carotid model. As with the carotids, ImageJ software was used to quantify the colocalization (from five sections of each group), with the area of double staining expressed as a percentage of the total area of macrophage or endothelial cell or SMC staining.
Statistical Analysis
All data were expressed as mean±SEM (standard error of the mean). A paired Student's t test was used to compare ligated left carotid vs. non-ligated right carotid arteries and to compare AAA vs. non-aneurysmal remote segments. An unpaired t test was used to compare RGD + vs. RGD − groups. All analyses were performed using JMP 7.0.1 statistical software (SAS Institute Inc, Cary, NC). A two-tailed P value of G0.05 was considered statistically significant.
Results
RGD Enhances Binding to Aortic Endothelial Cells In Vitro
Incubating non-targeted HFn with activated aortic endothelial cells did not show a significant change in fluorescence signal compared to cell-only controls (0.016±0.003 vs. 0.015±0.002 a.u., p = NS). However, when endothelial cells were incubated with RGD-HFn, there was a significant increase in fluorescence signal (0.040±0.002 a.u., pG0.0001 vs. both HFn and controls).
Fluorescence Imaging After In Vivo Administration of RGD-HFn and HFn
Carotid FMT showed strong in vivo carotid signal in RGD + mice compared to more limited signal in RGD − mice (Fig. 1) . In situ quantitative imaging demonstrated significantly higher signal of ligated left carotid arteries compared to the non-ligated right carotid arteries (Fig. 2a) Comparing RGD + and RGD − groups (Fig. 2b) , normalized signal intensity of the ligated left carotid lesions was significantly higher in the RGD + group, both in situ (p=0.04) and ex vivo (p=0.03). The organ bio-distribution analysis, based on ex vivo fluorescence, showed similar distribution between RGD-HFn and HFn (p = NS), with the dominant accumulation in the liver, gall bladder, and kidney (Supplemental Fig. 1 ).
AAA In situ and ex vivo imaging (Fig. 3a) (Fig. 3b) , normalized signal intensity of AAAs was significantly higher in the RGD + group, both in situ (p=0.03) and ex vivo (p=0.03).
Note the US-determined AAA diameter obtained just prior to imaging was not significantly different between the RGD + and RGD − groups (1.82±0.10 mm vs. 1.65±0.13 mm, p=0.32).
Histology
Carotid Mac-3 immunohistochemistry demonstrated substantial macrophage infiltration in the neointima and adventitia of the ligated left carotid arteries (Fig. 4) . Immunofluorescence staining exhibited stronger Cy5.5 signal of the neointima in the RGD + group than in the RGD − group (Fig. 4) , with greater Fig. 2 ). CD-31 immunohistochemistry showed positive staining only in the expected endothelial cell lining of the vessel lumen, but was nearly absent in the neointima and adventitia (Fig. 4) . Carotid SMCs showed more limited colocalization (Supplemental Fig. 3 ), which was enhanced in the RGD + group (15± 2 area% vs. 7±2 area% for RGD − , p =0.005).
AAA CD-11b immunohistochemistry demonstrated mural macrophage infiltration in the AAA (Fig. 5) . Immunofluorescence staining exhibited stronger Cy5.5 signal of the media and adventitia in the RGD + group than in the RGD − group (Fig. 5) , with greater colocalization of Cy5.5 and macrophages in the RGD + group (55± 7 area% vs. 26±2 area% for RGD − , p=0.003). CD-31 immunohistochemistry demonstrated the expression of endothelial cells along the lumen and within the AAA wall (Fig. 6) , with immunofluorescence staining exhibiting stronger Cy5.5 signal within the adventitia in the RGD + group and greater colocalization (52±5 
Discussion
Using experimental models of carotid and AAA disease, we have demonstrated that HFn molecular imaging of vascular macrophages and angiogenic endothelial cells can be enhanced with RGD targeting. To the best of our knowledge, this is the first study to show a genetically engineered human protein cage for targeted vascular inflammation and angiogenesis imaging. It is also the first use of RGD for targeted molecular imaging of aortic aneurysm disease. Our current results provide further evidence that the protein cage nanoparticles, HFn in particular, are versatile platforms for molecular/cellular imaging of vascular disease. Thus, targeting of HFn with RGD may allow the assessment of both vulnerable atherosclerotic plaques and AAAs prone to rupture. We and others have reported previously that ferritin itself accumulates in atherosclerotic macrophages [24, 31, 32] and may serve as an intrinsic macrophage imaging agent even without additional macrophage targeting moieties [19, 24] . While we also saw macrophage uptake of non-targeted HFn in the current study, this was significantly enhanced by targeting with RGD, in line with our prior in vitro data, where RGD-HFn was internalized by macrophages [25] . Our results in vitro and in the AAA model also show that RGD-HFn has the added advantage of being able to detect activated or "angiogenic" endothelial cells. The α v β 3 integrin is a biomarker of angiogenic endothelial cells as it is upregulated on activated, proliferating endothelial cells involved in angiogenesis while essentially unexpressed on mature, quiescent cells [33] . This matched our histological findings in the AAA model, where RGD-HFn colocalized with the adventitial CD-31 + cells but not the endothelial cells along the lumen.
As inflammation and angiogenesis can coexist in vascular lesions, it may be difficult to distinguish their relative contribution to HFn uptake. Inflammation and angiogenesis may work synergistically to increase the risk of plaque or aortic aneurysm rupture, so it may be advantageous to detect these two high-risk features of vascular lesions with a single imaging examination using RGD-HFn. The α v β 3 integrin can also be expressed on blood vessel cells other than macrophages and endothelial cells, such as SMCs [11, 12] . We did find SMCs contributed to RGD-HFn binding, but to a limited degree.
In the current study, we examined the imaging capabilities of RGD-HFn and HFn by conjugating to Cy5.5. This was detected noninvasively in the carotid model using FMT, which is more sensitive than conventional NIRF imaging [34] , but more challenging to quantify due to limited spatial resolution, tissue penetration, and lack of anatomic reference. The deeper AAA has been difficult to detect by FMT in our experience. Co-registration of FMT with CT or MRI could help colocalize vasculature and fluorescence signals [35] . The ex vivo imaging provided the most conclusive data, as even with in situ imaging the background signal can reduce the differences between diseased and non-diseased vessels. Fluorescence attenuation with depth is a clear limitation to human translation at present. Beyond fluorescence, there has been a strong interest in more clinically available imaging techniques (e.g., MRI, PET, SPECT) for molecular/cellular vascular imaging. HFn can incorporate other imaging agents, such as iron oxides for MRI, as shown previously [24] .
Based our prior work with HFn [24] , we focused on the 48-h time point for comparing RGD-HFn to HFn. However, serial studies of multiple time points are needed to identify the optimal vascular uptake of RGD-HFn in carotids and AAA, which would be facilitated by a more quantitative noninvasive imaging method. Also, more detailed analysis is needed to determine if RGD-HFn is externally bound vs. internalized in endothelial cells. While the bio-distribution analysis showed similar organ clearance between RGD-HFn and HFn, more data on in vivo elimination rates are needed. Short-term animal models are a limitation for studying human diseases. While our murine carotid ligation model provides a macrophage-rich vascular lesion, human atherosclerosis is more chronic and complex. In addition, while this model develops abundant inflammation, it does not appear to develop intraplaque angiogenesis. We have shown previously that the angiotensin II-induced AAA model develops both inflammation and angiogenesis, but it is recognized that aortic dissection plays a role. However, aortic surgery is not required in this model, so nonspecific inflammation and angiogenesis are minimized.
Conclusions
In conclusion, the present study demonstrates that targeting human ferritin nanoparticles with RGD significantly enhances vascular inflammation and angiogenesis imaging in experimental models of carotid and AAA disease. Targeted human ferritin is a promising nanoscale imaging platform that may enable comprehensive assessment of high-risk vascular diseases.
